where Ka is the association constant and m3 is molality of betaine. Predicted 23/RT values were calculated for the apo-proteins or protein-ligand complexes using Eq (4) in the main text with a Python script. Waters were removed from the PDB file and the surface areas of each of the atom types were calculated using SurfaceRacer. 12 The product of the atomic surface areas and the corresponding atom-type α value were summed to obtain the predicted 23/RT. The 23/RT values for the ligands in their bound conformation were calculated in a similar manner. To calculate the 23/RT for the binary protein-ligand complexes, the sum of the 23/RTs for the apo-protein and the unbound ligand was subtracted from the 23/RT of the complex. To obtain the 23/RT for ternary complexes, the 23/RT of the ternary complex was subtracted from the 23/RT of the binary protein-ligand complex plus the unbound ligand.
Results
Folate dimerization at pH 10 NMR experiments at pH 10 noted the change in chemical shifts for the pteridine (C7H), C9H, benzoyl ring protons (C2'H/C6'H, C3'H/C5'H) with increasing folate concentration while the glutamate proton shifts were unchanged (see Figure S1 for numbering of atoms). The data and fits for each of the proton chemical shifts are shown in Figure   S2 . Fitting the sum of the C7, C9, C3′/C5′, and C2′/C6 proton chemical shifts with no betaine to a dimerization equation yielded a Kd of 960 ± 140 mM for folate at pH 10 ( Table S2 ). As the Kd was higher than the highest folate concentration used for the experiment, it suggests that folate dimerization at pH 10 is very weak and its Kd cannot be accurately determined. Higher concentrations of folate cannot be achieved because of limited solubility. Although the Kds obtained were much higher than the folate concentrations used for the experiments, we can qualitatively see a trend for a lower Kd in the presence of betaine.
Betaine-imidazole interaction by VPO Imidazole, a small molecule, has a pKa of 6.5;
dimerizes with a Kd of 1 mM for the protonated form and a Kd of 33 µM for the deprotonated form.
14 VPO studies of imidazole at pH 4 showed a slightly negative μ23/RT value, whereas at pH 10, its μ23/RT was near zero and had large errors. Supplemental Figure S3 shows the data for 250-270 mm of imidazole. As the change in μ23/RT values for protonated and deprotonated imidazole was not large, scatter was observed in the data, and dimerization was a concern, we did not analyze these data. suggests betaine has no significant effect on the conformational sampling of folate.
Binding of folate and PG4 to R67 DHFR and EcDHFR α values can be used to predict ligandosmolyte interactions. Can this information be used to predict effects on ligand binding to proteins? The caveat is whether all surfaces of the ligand are used in the binding interaction.
For example, we consider the case of folate polyglutamylation. As glutamate excludes betaine, addition of extra glutamates to folate (extended conformer) increases the predicted µ23/RT value from -0.09 ± 0.04 m −1 to 1.22 ± 0.04 m −1 for pteroyltetra-γ-L-glutamate (PG4). If the polyglutamate tail is involved in binding to DHFR, this increase in µ23/RT predicts lesser osmotic stress effects. However, our ITC experiments found betaine addition weakens binding of folate or PG4 to R67 DHFR (see Figure S6A and Table S5 ). Thus use of a calculated µ23/RT value for a ligand is not sufficient to predict effects of betaine on binding.
While many folate pathway enzymes show tighter binding to polyglutamylated folate redox states, we did not find any information addressing this issue in EcDHFR. Thus we measured the affinity for folate to EcDHFR and found it also decreased linearly with increasing betaine concentration. The affinity for PG4 binding to EcDHFR was similar to that of folate (see Figure S6B ). These results predict that the additional glutamates will not contribute to binding to 11 b bi is set to 0.27, which gives a Kp value greater than 0. bi = 0.27 is equivalent to three layers of water surrounding the amide oxygen atoms c bi is set to 0.27, or three layers of water surrounding the phosphate oxygens, in accordance with Capp et. al. 
